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INVESTIGATION OF SPUTTERING EFFECTS ON 
TIB MOON'S SURFACE 

Th i r t een th  Quarter ly  S t a t u s  Report 
Contract  NASw-751 

ABSTRACT 

Experiments t o  b u i l d  up t h i c k  c r u s t s  of powder bombarded by ions 

throughout i t s  bulk are reported.  Cementation of copper powder under 

de mercury ion bombardment i n  a low-pressure plasma w a s  demonstrated. 

But rf bombardment was accompanied by d i f f i c u l t i e s  due t o  spontaneous 

formation i n  t h e  ion sheath of long conducting chains  of  powder p a r t i -  

c l e s  t h a t  sho r t ed  t h e  sample t o  rf ground. E bombardment of  i n su la -  

t i n g  powders could n o t  be accomplished i n  t h e  plasma, b u t  n e g l i g i b l e  

rf alignment and l i f t i n g  effects  were observed f o r  i n s u l a t i n g  powders 

which are n o t  rendered conducting by  ion bombardment, Slow cementa- 

t i o n  o f  A 1  0 powder occurs under mercury-ion bombardment and became 

more r a p i d  if a small f l u x  of atoms spu t t e red  from A1 0 w a s  r e tu rned  

t o  t h e  surface.  A r e a l i s t i c  r e tu rn ing  f l u x  f o r  l una r  su r face  simula- 

t i o n  is no t  known i n  t h e  absence of  s u i t a b l e  d a t a  on t h e  v e l o c i t i e s  of  

s p u t t e r e d  atoms. 

2 3  

2 3  

An experiment designed t o  d e t e c t  small f luxes  of H20 emit ted from 

s i l i c a t e s  ( o r  o t h e r  oxides)  bombarded by ions from a hydrogen discharge 

plasma revealed s i g n i f i c a n t  mass t r a n s p o r t  of carbon w i t h i n  t h e  d i s -  

charge r eg ion  due t o  chemical a t t a c k  of carbon (from contaminants) on 

t h e  vacuum tube w a l l s .  H20 formation under these  condi t ions was small 
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f o r  a b a s a l t i c  powder and c o n s i s t e n t  with zero. Some i n j e c t i o n  of  

carbon i n t o  a su r face  l a y e r  i n  previous experiments with si l icates 

is  suggested as a p o s s i b l e  con t r ibu to r  t o  t h e  o p t i c a l  darkening t h e r e  

observed. The analogous process occurr ing a t  t h e  lunar su r face  is  

examined q u a n t i t a t i v e l y  i n  the  l i g h t  of a r e c e n t  suggest ion t h a t  photo- 

sphe r i c  abundances of  t h e  elements may probably be expected i n  t h e  

solar-wind f lux .  It is  concluded t h a t  s i g n i f i c a n t  carbon concentra- 

t i o n s  may accumulate i n  a cm l a y e r  of  s i l i c a t e  p a r t i c l e s  exposed 

on the  l u n a r  su r face  f o r  t o t a l  times of t h e  o rde r  of  10 y r .  4 
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I. INTRODUCTION 

The work of t h i s  q u a r t e r  has concentrated on cementation and chemi- 

c a l  e f f e c t s  of t h e  s o l a r  wind. 

of powder samples s u b j e c t  t o  solar-wind bombardment. P a r t i a l  e ros ion  of  

t h e  powder p a r t i c l e s  fu rn i shes  material t o  c r u c i a l  con tac t  areas between 

t h e  p a r t i c l e s  so  t h a t  bonds between t h e  p a r t i c l e s  t e n d  t o  become stronger .  

The c r u s t i n g  r epor t ed  here  r evea l s  a dependence of  cementation on t h e  

amount of  t r anspor t ed  material t h a t  shows t h a t  t h e  cementing a c t i o n  i n  

our experiments is no t  j u s t  due t o  changes i n  t h e  s t r e n g t h  of t h e  f o r c e s  

a t  i n t e r p a r t i c l e  c o n t a c t  p o i n t s  (e.g., due t o  a damaged s u r f a c e )  b u t  i s  

due t o  s p u t t e r e d  material. 

"Cementation" r e f e r s  t o  a bulk property 

The chemical e f f e c t  t o  be s tud ied  w a s  t h e  p o s s i b l e  production of 

water from s i l i c a t e s  (ox ides )  by  hydrogen bombardment. The s tudy turned 

t o  t h e  s u b j e c t  of hydrides of carbon i n s t e a d  of oxygen because of carbon 

contamination. It spurred the r e a l i z a t i o n  t h a t  t h e  s o l a r  wind is con- 

taminated a l s o  and added a complicating dimension t o  the  s u b j e c t  of s o l a r -  

wind e f f e c t s  a t  t h e  l u n a r  surface,  namely, t h e  e f f e c t s  of ions i n  t h e  

s o l a r  wind more massive, b u t  much l e s s  abundant, than hydrogen and helium. 

A paper t i t l e d  "Modification of Op t i ca l  P rope r t i e s  of Lunar Surface 

Powder by  Solar-Wind Bombardment" was submitted t o  t h e  J o u r n a l  of Geo- 

p h y s i c a l  Research and has been returned f o r  minor revis ions.  Since it 

is  a s t r eaml ined  and only s l i g h t l y  revised form of t h e  o p t i c a l  s t u d i e s  

r e p o r t e d  i n  the  Eighth and Twelfth Quarter ly  Reports, we w i l l  not  reproduce 
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it here.  We plan, however, t o  incorporate  it i n t o  a f u t u r e  q u a r t e r l y  re- 

p o r t  when r e p r i n t s  become a v a i l a b l e .  

- 4- 



r::. CRUST BULZDLT ON A POWDERED SURFACE BY ION BOMBARDMENT 

A s  we pave p rev ious ly  remarked,") t h e  p r o p e r t i e s  of a t h i c k  c r u s t  

of powder bombarded by ions throughout i t s  bulk would be of  g r e a t  in-  

terest .  The o p t i c a l  p r o p e r t i e s  might be  s u b s t a n t i a l l y  d i f f e r e n t  from 

those of a surface-bombarded-only sample and i t s  s t r u c t u r a l  p r o p e r t i e s  

could be measured. 

po ra t ion  sources, w a s  obtained from Balzers (L iech tens t e in )  capable of 

d e l i v e r i n g  a small uniform stream of  powder i n  a vacuum environment. 

A modified ve r s ion  of  t h i s  device, with t h e  d r i v i n g  mechanism ou t s ide  

the  vacuum chamber, was constructed.  Seve ra l  experiments were conducted 

to survey the  r e s u l t s  t h a t  might be expected. 

An electromagnetic shaker  device, used i n  f l a s h  eva- 

For t h e  f i r s t  experiments, 200-230 g r i t  copper powder w a s  deposi ted 

i n  a slow stream onto a copper p l a t e  being bombarded by 8 mA of 1000 V 

mercury ions. Af t e r  2 h r  of  deposi t ion and bombardment a c y l i n d r i c a l  

column w a s  b u i l t  up. It was - 2 cm high and -1 em i n  diameter. Fig. 1 

shows t h i s  cJlumn. During deposit ion,  copper p a r t i c l e s  were observed t o  

migrate t o  t h e  per imeter  of the top. C o l l i s i o n s  of incoming p a r x i c l e s  

i n i t i a z e d  *he migration. 

t h e  area h i t  by incoming p a r t i c l e s .  

stopped and were then  cemented t o  form a c r u s t  by t h e  bombarding mercury 

ions.  Some charging and alignment of p a r t i c l e s  took p l ace  i n  the ion 

sheat,h as ind iza t ed  by t h e  "hairy" appearance of t h e  s i d e  su r faces ,  The 

material i n  t h e  c e n t e r  of t h e  column was n o t  bornbarded f o r  a long enough 

time t o  be cemented toge tbe r  before  being covered up. 

bombarded by h ighe r  c u r r e n t  d e n s i t i e s  than t h e  column cen te r .  

The perimeter t h e r e f o r e  r ep resen t s  t h e  edge of 

Upon reaching t h e  per imeter ,  they 

The perimeter i s  
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The base of t h e  column broke open when t h e  p re s su re  due t o  t h e  column 

became t o o  g rea t .  

a t  t h e  base. 

f a l l i n g  over t h e  near  edge of  t h e  top. 

plasma only, no ion bombardment of the sample. The r e s u l t i n g  uncemented 

mound of material is shown i n  Fig. 2. We conclude t h a t  cementation ev i -  

dent  i n  Fig.  l was due t o  s p u t t e r i n g .  

The " a l l u v i a l  fan" formed is t h e  darker  material seen 

The c r u s t  around the base had been weakened by m a t e r i a l  

This  experiment w a s  repeated with 

Another experiment was run with the  200-230 g r i t  copper powder i n  

which i o n  bombardment was accomplished i n  rf e lec t r ic  f ie lds  r a t h e r  t h a n  

i n  dc f ie lds .  Here the  powder was slowly deposi ted on a qua r t z  s u r f a c e  

with a n  rf e l e c t r o d e  under it. 

t h i s  experiment was t h e  formation of long (cm) s t r i n g s  of copper p a r t i -  

cles i n  t h e  rf i on  sheath.  The s t r i n g s  would extend from t h e  s u r f a c e  t o  

t h e  edge of t h e  plasma sheath.  The upper po r t ion  would then l i e  i n  t h e  

plasma-sheath i n t e r f a c e .  Any p o r t i o n  of a chain protruding through the  

shea th  i n t o  t h e  plasma would be  heated t o  incandescence. I n  s e v e r a l  i n -  

s t ances ,  small d r o p l e t s  of  molten copper were formed on t h e  ends of t he  

chains .  The chains  formed i n  -1 s e e  and were up t o  s e v e r a l  cent imeters  

long depending on t h e  powder deposi t ion rate. 

t i o n  t o  t h e  bottom. The bottom can migrate down a s lope during forma- 

t i o n .  A su r face  bombarded i n  t h i s  way is  shown i n  Fig.  3.  

A p e c u l i a r  and f a s c i n a t i n g  t h i n g  about 

The chains  grow by addi- 

The rf experiment w a s  repeated using t h e  above copper powder plus 

200 g r i t  alumina powder i n  a mixture. The same chain formation takes  

p l ace .  The main s t r i n g  of t h e  cha in  is e n t i r e l y  copper though some of 

t h e  s h o r t  appendages are terminated by a n  aluminum oxide p a r t i c l e .  

-7- 







The chains  formed are continuous p h y s i c a l l y  and e l e c t r i c a l l y  and 

I 

remain s o  on removal from t h e  vacuum. 

t h e  conduction of rf cu r ren t s  along the  chain.  

The f u s i n g  i s  probably caused by 

Figure 4 shows some of 

t h e s e  continuous chains  of copper p a r t i c l e s .  We conclude t h a t  exper i -  

ments i n  which p a r t i c l e s  a r e  rendered conducting o r  a r e  i n i t i a l l y  con- 

duc t ing  may be a t tended  by t h i s  d i s t r a c t i n g  p a r t i c l e  alignment i n  an  

rf-modulated plasma sheath.  

We next  descr ibe  some experiments wi th  i n i t i a l l y  i n s u l a t i n g  powders. 

Here, un le s s  t h e  powders can be rendered conducting by ion  bombardment, 

t h e  bombardment by ions from a plasma n e c e s s a r i l y  r equ i r e s  an rf-modu- 

l a t e d  plasma shea th ,  We d i d  t r y  t o  accomplish dc s p u t t e r i n g  of an in -  

s u l a t i n g  su r face  by p l ac ing  it i n  the  c e n t e r  of  a conducting p l a t e  and 

b i a s i n g  t h e  p l a t e  t o  a large ( 3  kV) negat ive  p o t e n t i a l  i n  a plasma s u f f i -  

c i e n t l y  rarified so t h a t  t h e  plasma sheath w a s  somewhat t h i c k e r  than  t h e  

diameter of t h e  suppor t ing  p l a t e .  

i n s u l a t i n g  powder and could be def lec ted  away from the  powder a r e a  only  

Thus ions  were acce le ra t ed  toward the  

i f  it were able t o  support  a l a r g e  p o t e n t i a l  d i f f e rence  from top  t o  

bottom. We were c o r r e c t  i n  hoping t h a t  leakage cu r ren t s  would not  per -  

m i t  such l a r g e  p o t e n t i a l  d i f f e rences .  

mina (A1203) was dropped onto a N i  base p l a t e .  

were bo th  p re sen t  b u t  both of t h e s e  e f f e c t s  were mainly due t o  N i  t h a t  

had found i ts  way i n d i r e c t l y  t o  the  alumina su r face .  Fragments of t h e  

I n  one experiment 180 g r i t  a l u -  .. 
Fusing and darkening 

c r u s t  were c l e a r l y  magnetic. We the re fo re  covered t h e  p l a t e  i n i t i a l l y  

wi th  a t h i n  l a y e r  of alumina, assuming t h a t  t he  underside of t he  p l a t e  

would s u f f i c e  t o  enforce the  3 kV bias .  A f t e r  8 h r  of bombardment,, t he  

-10- 
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Powder su r face  w a s  darkened and s l i g h t l y  fused. The c r u s t  was no t  ob- 

v ious ly  magnetic b u t  t h e  appearance of t h e  base p l a t e  revealed some sput-  

t e r i n g  of t he  p l a t e  had occurred due t o  ions p e n e t r a t i n g  small h o l e s  i n  

t h e  alumina l aye r .  We assume t h a t  N i  f u rn i shed  t h e  conduc t iv i ty  of t h e  

alumina l a y e r  and have abandoned hope t h a t  dc bombardment of  d ie lectr ic  

powder l a y e r s  can be accomplished f r e e  from object ion.  

From previous experiments with mercury-ion bombardment of alumina, (2) 

we know t h a t  darkening p lus  a weak, f r a g i l e  c r u s t i n g  r e s u l t s  af ter  very 

ex tens ive  bombardment ( > 100 C/cm2) us ing an rf-modulated plasma sheath.  

No marked f i lament  formation w a s  seen. 

S u r e l y  some f r a c t i o n  o f  t h e  s p u t t e r e d  atoms l eav ing  an elemental  

area of  t h e  moon's s u r f a c e  r e t u r n s  elsewhere t o  t h e  surface.  Since h a l f  

t h e  moon i s  be ing  s p u t t e r e d  a t  any given time ( ignor ing  quest ions of  de- 

f l e c t i o n  o f  t h e  solar-wind ions) ,  t h i s  i s  equ iva len t  t o  an i n c i d e n t  f l u x  

of s p u t t e r e d  atoms on t h a t  e lemental  area. We do no t  know what frac- 

t i o n  o f  t h e  emitted f l u x  t h i s  should be nor whether each element r e t u r n s  

i n  t h e  emitted p ropor t ion  because we do no t  know t h e  v e l o c i t y  d i s t r i b u -  

t i o n s  of  atoms s p u t t e r e d  from compounds by hydrogen and helium atoms of 

k i l o e l e c t r o n  v o l t  energies .  

q u a l i t a t i v e l y  assess t h e  importance of a r e t u r n i n g  f lux .  

Nevertheless, w e  conducted a n  experiment t o  

A n i c k e l  p l a t e  was uniformly covered with 180 g r i t  alumina before  

bombardment, and two alumina cy l inde r s  were suspended above t h e  sample 

by w i r e  cores.  

bombarded by Hg ions  f o r  about 10 hr.  

alumina powder was deposi ted onto one area of  t h e  p l a t e  s o  as t o  

The covered p l a t e  and alumina cy l inde r s  were then  rf- 

During t h i s  time, some a d d i t i o n a l  

-12- 



accumulate a few l a y e r s  of bombarded alumina. On removal from t h e  vacuum 

chamber, t h e  su r face  was found t o  be darkened and fused. Some s e c t o r s  of 

t h e  c r u s t  were cracked and were se l f - suppor t ing .  T h i s  i s  by f a r  t he  g rea t -  

e s t  amount of su r f ace  cementation we have observed w i t h  aluminum oxide. 

We conclude t h a t  a " re turn ing  f lux"  of  spu t t e red  atoms w i l l  g r e a t l y  speed 

cementation of a spu t t e red  powder surface.  

-13- 



111. MPERTMENTS ON WATER VAPOR FORMATION DUE 
TO HYDROGEN ION BOMBARDENT OF OXIDES 

Recent work by Blauth and M e ~ e r ' ~ )  showed t h a t  atomic hydrogen can 

a t t a c k  a t  l e a s t  a monolayer of oxygen on g l a s s  and form water molecules. 

Since s p u t t e r i n g  can r e v e a l  f r e s h  surfaces  f o r  f u r t h e r  a t t ack ,  w e  were 

s t imu la t ed  t o  i n v e s t i g a t e  whether hydrogen s p u t t e r i n g  of oxides i s  accom- 

panied by water molecule formation. The experiments reported he re  were 

inconclusive w i t h  r e s p e c t  t o  the  c e n t r a l  quest ion of water molecule fo r -  

mation, b u t  revealed a contamination problem i n  t h e  apparatus t h a t  h a s  

been p rev ious ly  used f o r  bombardment of samples t h a t  were s t u d i e d  as t o  

o p t i c a l  p roper t ies .  I n  addi t ion ,  the measurements i l l u s t r a t e  c e r t a i n  

p r a c t i c a l  d i f f i c u l t i e s  i n  t h e  intended research. 

F i r s t  of a l l ,  w e  adopted the  philosophy t h a t  it is  not necessary 

t o  d i r e c t l y  d e t e c t  H20 molecules emitted from the  sample. 

some (unknown) f r a c t i o n  of t h e  spu t t e red  and thermally desorbed e f f l u x  

from a given a r e a  r e t u r n s  t o  o ther  areas on t h e  moon. Because of t h i s  

mixing process on t h e  moon, it seems reasonable as a f i rs t  approximation 

t o  conduct an experiment i n  which t h e  s p u t t e r e d  and thermally desorbed 

On the  moon, 

f l u x e s  

If the  

formed 

from a sample are a l i k e  allowed t o  f a l l  on a cold t r a p  surface.  

res idence time f o r  H 0 molecules t h a t  e i t h e r  a r r i v e  a t  or a r e  

on t h e  co ld  su r face  is  long enough, then appreciable  masses of 
2 

H20 can be accumulated. D i rec t  detection would c a l l  f o r  extremely sen- 

s i t i v e  techniques t h a t  could hardly be j u s t i f i e d  before  the  ex is tence  

of any mechanism fo r  H20 formation, d i r e c t  or  i n d i r e c t ,  were demonstrated. 

- 14- 



The choice of a c o l d  t r a p  temperature i s  s t r a igh t fo rward .  According 

t o  Beard(4) t h e  f l u x  of molecules of mass m evaporat ing from a su r face  of 

t h e  same substance a t  temperature T is 

2 
For water A = 3.85 x lOI3 dyne/cm and B 2675°K. Dry i c e  temperature, 

-78.5"CY i s  no t  co ld  enough because the evaporat ing f l u x  is  9.0 x 1017 

H20/cm2 sec.  But a t  l i q u i d  n i t rogen  

temperature, 80°K, t h e  evaporat ing f l u x  is only 2.8 x LO-' HZO/cm sec; 

t h e  vapor pressure is 1.0 x 10 Torr. An intermediate  temperature 

would be adequate and t h e  condi t ions descr ibed below seem t o  suggest 

using a n  intermediate  temperature, b u t  l i q u i d  n i t rogen  cool ing w a s  em- 

ployed because of  i ts  convenience. The f luxes  t o  be discussed below 

are g r e a t e r  than lo9 cm" s e c  

cussion,  gases can be  considered t o  be t rapped whose vapor p re s su res  

are less  than 5 x This does n o t  include H2, He, 

N2, 02, and Ne, obviously, because t h e i r  b o i l i n g  p o i n t s  a r e  a l l  below 

80'K. should a l s o  not be t rapped and even COZY whose 

vapor p re s su re  a t  80'K i s  about 

h e l d  on the  surface,  i ts  efflux being 1.1 x 1014 C02/cm sec.  A number 

of l i g h t  hydrocarbons a l s o  have high vapor p re s su re  a t  80°K: C H 

C2H2, CzH60, C4Hlo, f o r  example. 

The c o l d  t r a p  t h a t  was i n s t a l l e d  i n  t h e  vacuum system previously 

The vapor p re s su re  i s  0.53 mTorr. 

2 

-23 

-1 . Hence, for t h e  purposes of  t h i s  dis-  

Torr at  80°K. - - 

COY Ar, and CH 4 
Torr, should n o t  be very e f f e c t i v e l y  

2 

2 4' 

used f o r  ion bombardments i n  a hydrogen plasma w a s  of  t he  r e - e n t r a n t  

type.  A c y l i n d e r  of 4.5 cm diameter i s  capped by a hemisphere which is 
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9.5 cm from t h e  sample being sput tered.  

tube of 5.8 cm i n s i d e  diameter. 

j e c t  t o  direct  bombardment by s p u t t e r e d  or desorbed atoms from t h e  

It i s  sealed w i t h i n  t h e  main 

Thus t h e  area of t h e  hemisphere sub- 

h 

sample i s  about 30 cm' and t h e  s o l i d  angle  subtended is  27t x 0.176. 

About 35% of t h e  emitted atoms should f a l l  on t h e  co ld  t r ap ,  assuming 

a cosine d i s t r i b u t i o n  f o r  t h e  emission. 

Analysis of  t h e  atoms desorbed from t h e  co ld  t r a p  upon warming i n  

a volume of 2 .501 when t h e  pump w a s  valved o f f  w a s  accomplished by a 

Consolidated Electrodynamics Corporation Type 21-611 r e s i d u a l  gas ana- 

l y z e r .  C a l i b r a t i o n  of t h e  p re s su res  w a s  approximate, a Bayard-Alpert 

gauge on the  same sidearm as t h e  gas ana lyze r  being t h e  reference.  

The lowest  p re s su re  d e t e c t a b l e  f o r  a given gas w a s  2 x 10-9 Torr. 

T o t a l  p re s su res  g r e a t e r  than 1 mTorr were measured by a thermocouple 

gauge with c o r r e c t i o n  be ing  app l i ed  f o r  gas composition. 

P a r t i a l l y  valve o f f  system (pumping speed -l/3 R / s e c  

through Pd leak.  Except i n  c o n t r o l  experiment without 

d i scha rge  with several hundred wat t s  of 40 Mc/s power. 

The procedure i n  t h e  experiments t o  be discussed w a s  as follows. 

and admit 20p HZ 

plasma, s t r i k e  

After about 

1 hr ,  c o o l  t r a p  with l i q u i d  n i t r o g e n  f o r  1.5 min t o  d e t e c t  H 0. Shut 2 

o f f  discharge and H gas supply, open valve t o  pump. S t a r t  gas ana- 

l y z e r  (which could n o t  be on when discharge rf was on) and w a i t  15 min 

f o r  it t o  s t a b i l i z e .  

2 

Drive coolant  from t r a p ,  c l o s i n g  t h e  valves t o  

t h e  pump j u s t  be fo re  warming starts. 

o c c a s i o n a l  checks on o t h e r  masses. Desorption was e s s e n t i a l l y  complete 

Follow H 0 p res su re  r ise  with 
2 

i n  1-5 min, when a complete spectrum was scanned. 
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The main r e s u l t  of t hese  experiments i s  t h a t  l a r g e  masses of  H2 

were t rapped whenever a hydrogen plasma w a s  maintained i n  the  volume 

between sample and co ld  t r a p .  In f ac t ,  t h e  amount of H2 t rapped was 

s o  g r e a t  t h a t  lengthy exposures t o  accumulate l a r g e  masses of H 0 were 

impossible. The sorbed H2 t h a t  r e s u l t e d  from exposing t h e  co ld  t r a p  

t o  the  plasma f o r  15 min r a i s e d  t h e  t o t a l  p re s su re  i n  2 . 5 4  t o  10-14 

mTorr upon desorption. A t  such high p res su re  t h e  mass spectrometer 

response i s  no longer  l i n e a r .  

hydrocarbons were a l s o  trapped. Since t h e s e  gases should not  have 

been t rapped a t  80°K i n  con tac t  with an i n e r t  s u r f a c e  or even a s u r -  

f a c e  p a r t i a l l y  covered with sorbed gases l i k e  HZ, CH4, e t c . ,  t h e  pre-  

sence o f  an a c t i v e  substance on t h e  cold t r a p  was indicated.  If,  

af ter  desorbing t h e  t rapped gases i n  t h e  c losed  2 . 5 1  volume, t h e  

t r a p  w a s  aga in  cooled by l i q u i d  nitrogen, only t h e  p a r t i a l  p re s su res  

of H20 and C02 decreased. 

reversible b u t  a r o s e  from a substance dynamically supp l i ed  t o  t h e  c o l d  

t r a p  su r face  while  a plasma was being maintained. The probable a c t i v e  

substance is  carbon or a n  hydrogeneous compound of high carbon content .  

2 

Appreciable amounts of CH4 and heav ie r  

Therefore t h e  t r app ing  mechanism w a s  n o t  

The r e s u l t s  from f o u r  experiments are given i n  Tables Ia and ib- 

The p r e s s u r e s  given a r e  increases  i n  15 min i n  excess of t he  ( u s u a l l y  

n e g l i g i b l e )  p re s su re  inc reases  i n  15 min with the  t r a p  warm, except as 

noted. 

i n  t h e  gas ana lyze r  p e r s i s t e n t l y  opened whenever t h e  system was baked. 

For t h e s e  four experiments t h e  l eak  was cons t an t  a t  9 x 1015 N2/900 sec  

A small ( - 3  x 10-7 T o r r - l / s e c )  l e a k  a t  one of t h e  feedthroughs 
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Table Ia. Approximate p a r t i a l  p re s su res  (Torr) of  gases desorbed from about 
60 cm2 of co ld  t r a p  su r face  in to  a 2.59 volume fo l lowing  900 see  
exposures of co ld  t r a p  ( l i q u i d  n i t rogen)  t o  hydrogen discharge or 
hydrogen gas only. 
A)  Discharge i n  20 mTorr H2 
B) Exposure t o  20 mTorr H2 only 
C )  Discharge p lus  s p u t t e r i n g  of t h o l e i i t i c  b a s a l t  powder sample 
D) A s  i n  ( C )  except  discharge f o r  ’2 h r  and s p u t t e r i n g  f o r  1 hr 

previous t o  cool ing  t h e  t r a p  f o r  15 min. Powder sample heated 
by s t r o n g  l i g h t  for 3 min previous t o  cool ing  t h e  t r a p  s o  t h a t  
H20 on sample should n o t  be t r a n s f e r r e d  t o  c o l d  t r a p .  

Table Ib. Numbers of molecules of gases  desorbed i n  above experiments. 

CH4 - H2 Gas - - 
Run A 1 . 2 5 ~ 1 0 ~ ~  1 . 4 ~ 1 0 ~ ~  

B 4 . 7 ~ 1 0 ’ ~  1 . 1 ~ 1 0 ~ 5  

c ~ 1 5 x 1 0 1 8  i.zxio 16 

D 0. 9x1Ol8 0 . 5 7 ~ 1 0 ~ ~  

co - - ‘zH6 c02 - 

* 02 was not n e c e s s a r i l y  desor  
t o  an a i r  l e a k  g iv ing  9 x 10” N2/900 see.  The low O2 pressure  implies  
a q u a n t i t a t i v e  conversion of O2 i n t o  oxides i n  the  system. 

d from t h e  t r a p  as it may be wholly due 
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s o  t h a t  CO w a s  obscured, i n  genera l .  

from a cons idera t ion  of t he  i n t e n s i t i e s  of C+ r e s u l t i n g  from CH4 and 

CO. 
2 

c l o s i n g  t o  f i n a l  mass spectrum) from t h i s  l eak  is  7.3 x 10 

served number of  O2 molecules i n  t h e  2 . 5 1  volume is 27OOX smal le r  

than  t h e  expected number i f  no discharge was run and is  probably no t  

l a r g e r  fol lowing a d ischarge  so O2 is  q u a n t i t a t i v e l y  converted t o  

oxides  i n  t h e  system. The h o t  f i l ament  i n  the  gas ana lyzer  i s  t h e  

probable  agent  f o r  conversion. CO is the  probable end product, 

with carbon be ing  supp l i ed  t o  the  hot  f i l amen t  by CH b u t  t h i s  p o i n t  

w a s  n o t  i n v e s t i g a t e d  i n  d e t a i l .  It was not  r e a l i z e d  a t  the  time of 

t hese  experiments t h a t  t h e  2.7 x l O I 4  H 0 molecules e n t e r i n g  t h e  sys- 

tem i n  45 min with a i r  of 404 r e l a t i v e  humidity would be comparable t o  

t h e  observed number of H 0 molecules fol lowing the  s p u t t e r i n g  run. 

C l e a r l y  air  l eaks  must be kept  far smaller i n  f u t u r e  experiments. 

One es t imate  of CO i s  o f fe red  

The expected number of 0 a f t e r  2700 sec  ( t h e  45 min from system 

1.5 . The ob- 

4' 

2 

2 

The ion  c u r r e n t  t o  t h e  basalt powder sample when be ing  s p u t t e r e d  

w a s  about  3.8 mA 

bombarded by 4.3 

t h a t  Hz+ ions  of 

energy as far  as 

o r  2.4 x 10l6 H + sec. 

x lo1' H ions of about 250 eV energy, cons ider ing  

500 e V  energy are equiva len t  t o  two protons of 250 eV 

s p u t t e r i n g  and chemical e f f e c t s  a r e  concerned. We 

In  900 sec the  su r face  w a s  
2 

+ 
e s t i m a t e  a s p u t t e r i n g  y i e l d  of 0.9 x 

where "atom" means an atom of any i d e n t i t y  i n  t h e  b a s a l t  composition. 

Thus w e  estimate t h a t  4 x 10l6 atoms of a l l  i d e n t i t i e s  should be spu t -  

t e r e d  off t h e  powder p a r t i c l e s .  

atom/H a t  t h i s  energy, 

Of these,  about 2.5 x 1Ol6 0 atoms 
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are expected and perhaps only 1 x 1Ol6 0 atoms w i l l  a c t u a l l y  escape t h e  

rough powder surface.  A t  l eas t  354 o f  t h e  emi t t ed  atoms should f a l l  on 

t h e  co ld  t r a p  d i r e c t l y  and a l a r g e  segment of t he  remaining 65% might 

reach it i n d i r e c t l y ,  p a r t i c u l a r l y  i f  t h e  0 atoms were emitted from t h e  

sample mostly as H 0 molecules. 

5 x 1015 H20 molecules on t h e  c o l d  t r a p  s u r f a c e  i f  a l l  t h e  0 atoms are 

emitted i n  t h e  form of  H20 molecules. On 30 cm2 of surface,  t h i s  num- 

ber of  molecules c o n s t i t u t e s  only a f r a c t i o n  of a monolayer. Upon de- 

so rp t ion ,  many of  t hese  molecules might t r a n s f e r  t o  o t h e r  w a l l  areas and 

be bound. They would t h e r e f o r e  no t  be r e g i s t e r e d  i n  t h e  gas analyzer .  

It w a s  hoped t o  eva lua te  t h e  importance of  t h e s e  w a l l  e f f e c t s  by using 

runs of d i f f e r e n t  l eng th  and by comparing l i k e l y  l u n a r  ma te r i a l s  ( l i k e  

Therefore w e  expected a t  least 2 

basal t )  with materials 

with high e f f i c i e n c y .  

l ong  because of t h e  H, 

a p t  t o  be meaningful 

I n  Table Ib t h e  

o f  The l a r g e r  

l i k e  CuO, which is  a p t  t o  form H20 molecules 

A t  t h i s  wr i t i ng ,  900 s e c  runs a r e  al-ready too  

t r app ing  phenomenon and s h o r t e r  runs are n o t  

i n  view of t h e  small H 2 0  masses t h a t  are involved. 

numbers o f  observed H 0 molecules are of t h e  o r d e r  

number of H 0 molecules i n  run C where t h e  sample 

2 

2 

w a s  s p u t t e r e d  must be due t o  H 0 desorbed from t h e  powder sample when 

hea ted  by  t h e  ion bombardment (probably t o  n e a r l y  300°C). When a s t r o n g  

l i g h t  w a s  focused on t h e  sample a f t e r  run C, t he  p a r t i a l  pressure of HZO 

t r i p l e d  w i t h i n  1 min i n  t h e  (pumped) system. Therefore i n  a c o n t r o l  

run D, measures were taken t o  desorb H 0 from t h e  sample immediately 

b e f o r e  t h e  t r a p  was cooled f o r  H 0 detect ion.  Not only was t h e  t rapped 

2 

2 

2 
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H 0 t h e  lowest i n  a l l  t h e  runs,  b u t  the  t rapped H2, CHh, and C02 were 

a l so  smaller than  i n  runs A and C, i n  which a plasma had also been pre-  

s en t .  

t e r  t h e  system through t h e  l e a k  i n  t h e  gas analyzer .  

was comparable t o  t h a t  i n  t h e  "gas only" run B. 

2 

In  f a c t ,  t h e  H 0 w a s  8X l e s s  than might have been expected t o  en- 
2 

The H20 i n  run D 

This implies: (1) t h a t  

t h e  observed amount of H20 is cons i s t en t  with zero  formation due t o  

spu t t e r ing ,  (2 )  t h a t  t h e  observed amount of H 0 is cons i s t en t  with zero  

formation of %O due t o  t h e  presence of a plasma (which c r e a t e s  H atoms), 

2 

and ( 3 )  t h a t  t h e  observed amount of H 0 r equ i r e s  e i ther  t h a t  (a) H 0 
2 2 

e n t e r i n g  t h e  l e a k  is converted t o  some o t h e r  form as is  O2 en te r ing  t h e  

l eak  o r  ( b )  a s i g n i f i c a n t  f r a c t i o n  of t h e  H 0 added i n  these  small amounts 

i n  t h e  system are immediately bound on t h e  walls. In  view of t h e  poss ib l e  

l o s s e s  of H20 and t h e  f a c t  t h a t  ( 2 )  is not  cons i s t en t  with t h e  observa- 

t i o n  of  Blauth and Meyer,") conclusion (1) is c e r t a i n l y  not  es tab l i shed .  

2 

But t h e  y i e l d  Yw of  oxygen atoms i n  the  f i n a l  form of %O molecules i n  

comparison t o  oxygen atoms i n  a l l  i t s  f i n a l  products  may wel l  be l e s s  

than  10". T h i s  fol lows from a predic ted  number of 5 x 1015 trapped 

H20 molecules i f  Yw = 1 and an observed number poss ib ly  not  g r e a t e r  than  
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IV. THE: VOLATILIZATION OF CARBON AT HYDROGEN DISCHARGE W A L I S  

L e t  us  now cons ider  t h e  above suggest ion t h a t  carbon fu rn i shes  t h e  

t r app ing  matr ix  i n  which H2 and other  gases  a r e  sorbed a t  80'K. 

t i v e  area f o r  t r app ing  was between 32 and 60 cm . 
H2 w a s  (2-4)  x 

t h a t  case  a t r app ing  matr ix  is c e r t a i n l y  necessary.  

The ac-  

The d e n s i t y  of sorbed 2 

cm-2 so t h a t  s e v e r a l  monolayers were trapped. I n  

And i f  t h a t  matr ix  

changes s t r u c t u r e  upon warming t o  room temperature s o  t h a t  t he  gas es- 

capes, it is  not  s u r p r i s i n g  t h a t  no more than  a f r a c t i o n  of a monolayer 

of €I2 can be sorbed on t h e  new s t r u c t u r e  fol lowing cool ing  t o  80°K again.  

It seems improbable t h a t  t h e  a c t i v e  atoms could be l e s s  numerous than  

1 x 1Ol6 cm-'; many more might be required. 

t i v e  atoms was 1013 cm-' s ec  

The minimum i n f l u x  of ac- 

It is not  hard  t o  show t h a t  t h i s  f l u x  -1 . 
of atoms must have a r i s e n  as a r e s u l t  o f  events  a t  t h e  o t h e r  walls 

con ta in ing  the  plasma because events  i n  the  volume of t he  plasma a r e  

no t  s u f f i c i e n t l y  r a p i d  a t  these  low pressures .  To be generous i n  a l l  

e s t ima tes ,  suppose an  impuri ty  gas present  i n  t h e  main plasma volume 

(6 cm diameter  x 5 cm long)  a t  a pressure  of 2 x Torr  o r  7 x 10 9 
3 10 

atom/cm3 i n  140 cm , 1 x lo1' atoms. An e l e c t r o n  f l u x  nv 2'10 cm-' x 
8 

10 cm/sec s h a l l  a l l  be assumed t o  be e n e r g e t i c  enough t o  cause some 

2 form of a c t i v a t i o n  of  t h e  impuri ty  gas with a c ross  s e c t i o n  of cm . 
Then t h e  1Ol2 atoms are a c t i v a t e d  at  a rate of 10 s e c - l  and f l y  t o  about 

1-50 em2 of w a l l .  The f l u x  from t h e  volume of t he  plasma is thus  c e r t a i n l y  

l5 HZ+ ions cm sec  d r i f t  l e s s  t h a n  10 cm sec  . But a t  l e a s t  10 

the rma l ly  t o  t h e  plasma shea th  a t  every boundary of t he  plasma and a r e  

11 -2 -1 -2 -1 
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then acce le ra t ed  t o  the  w a l l  t o  f i n a l  energ ies  of 20-40 eV ( t h e  f l o a t i n g  

p o t e n t i a l ) .  

dent  on a l l  the  walls. 

Doubtless comparable or  l a r g e r  f luxes  of H atoms are i n c i -  

Then only a low e f f i c i e n c y  l i k e  a c t i v e  atom/H 

+ 
atom o r  H2 

1013 em-' s e c - l  a t  the  co ld  t r ap .  

ion is requi red  t o  account f o r  an i n f l u x  of a c t i v e  

We previous ly  r epor t ed (5 )  t h a t  hydrogen ions (mostly H +) 
2 

atoms of 

of s e v e r a l  

hundred e l e c t r o n  v o l t  energy erode graphi te  a t  a rate of 0.5 t o  1.0 atom/ 

ion. 

ions from an oil-pumped unoplasmatron running with deuterium gas: CD4 

and CD + 

or ion-molecule reac t ions  i n  t h e  gas phase of t h e  form 

We r e p o r t  here  t h e  r ecen t  i d e n t i f i c a t i o n  of t h e  p r i n c i p a l  impurity 
+ 

The l a t t e r  ion, l i k e  D + arises from exc i t ed  molecule-molecule 
3 '  5 '  

+ 
X* + D2 -+ XD + D +  e 

X+ + D + XD' + D 2 

+ 
Other ions present  were C and masses 16, 18, 28, 32, poss ib ly  14. 

These could be CD C2DZ+, C2D4+, and CD' b u t  could a l s o  be + + CD 
2 ,  3 ,  

+ + +  + 
0 , OD+ ( o r  H'o+), N~ , O2 , N though no a i r  l eak  w a s  de t ec t ab le  a t  

t h e  lo-' Torr-A/sec l e v e l .  

comparison t o  mass 16 (O'?) when mass 28 was considerably s t ronge r  than 

mass 32 (as expected for NZ+ and 02+) makes the  air leak  explanat ion 

u n a t t r a c t i v e .  The s t r i k i n g  th ing  about  t h e s e  i d e n t i f i c a t i o n s  is t h e  

absence of masses 15, 17, 19, and 21. Since t h e  carbon w a s  der ived  

from hydrogeneous pump o i l s ,  no t  deutera ted  o i l ,  one might expect ions 

l i k e  CDH+, CH3D+, CD3H , and CD H+ unless  t h e  o i l  i s  very completely 

broken down i n t o  carbon before  being a t t acked  by t h e  deuterium discharge.  

The extreme weakness of mass 14 (N'?) i n  

+ 
4 
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The ind ica t ed  process  i s  decomposition on ho t  tungsten and tantalum s u r -  

faces  i n  t h e  unoplasmatron cathode followed by emission i n  pure carbon 

form t o  s u r f a c e s  bounding t h e  deuterium plasma where t h e  carbon is then  

deu te ra t ed  and v o l a t i l i z e d  again. As i n  t h e  rf discharge,  n o t  more 

than 20-40 e V  is available a t  t h e  plasma boundary t o  accelerate deu- 

terium ions,  i f  indeed ions are important ly  involved i n  t h e  v o l a t i l i z a -  

t i o n  o f  t h e  carbon. 

It has long been clear t h a t  e l e c t r i c a l  discharges t end  t o  d e p o s i t  

pump o i l s  on t h e  plasma boundaries i n  carbonaceous form. The above ob- 

s e r v a t i o n s  suggest  t h a t  i n  t h e  case of low p res su re  hydrogen discharges,  

t h e  carbon on t h e  walls has a considerable  " v o l a t i l i t y "  as a consequence 

o f  t h e  p o s s i b i l i t y  of chemical a t t ack .  Thus t h e  above s o r p t i o n  of Hz at  

80°K can be understood as the  consequence of  mass t r a n s f e r  of carbon 

from warm w a l l s  t o  a c o l d  one. 

v o l a t i l i z a t i o n  and carbonizing are operat ive on t h e  walls without r ega rd  

f o r  t h e  w a l l  temperature b u t  t h e  residence time f o r  t he  volat i le  phase 

is greater on t h e  c o l d  su r face  so  a mass t r a n s f e r  ensues. 

O f  course, t h e  competing processes  of  

What, then, w i l l  t end  t o  happen a t  a w a l l  whose e l e c t r i c a l  poten- 

t i a l  is arranged so t h a t  t h e  r a t e  of v o l a t i l i z a t i o n  i s  increased? 

Namely, does one expect t h a t  our  s p u t t e r e d  sample is  cleaned o f  carbon 

films due t o  bombardment by ene rge t i c  hydrogen ions? 

q u a l i f i e d  yes: t h e  samples should become r e l a t i v e l y  c l ean  of s u r f a c e  

carbon films i n  comparison t o  o t h e r  su r faces  exposed t o  t h e  same plasma. 

But once a c e r t a i n  mass of  carbon is  p r e s e n t  on a11 the  su r faces  f a c i n g  

The answer is a 
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t h e  plasma, t h e  coverage on d i f f e r e n t  areas w i l l  depend on t h e  r a t i o s  

of t h e  v o l a t i l i t i e s  a t  those  areas, and t h e  r a t i o  cannot be zero o r  in- 

f in - i te .  But as long as the  carbon l aye r s  on t h e  weakly bombarded areas 

do no t  cause appreciable  o p t i c a l  opacity,  it should be clear t h a t  o p t i -  

c a l  darkening of our s t r o n g l y  bombarded samples cannot be due t o  o p t i -  

c a l l y  opaque su r face  carbon films deposi ted on our samples. 

On t h e  o t h e r  hand, t h e  above remarks do not  imply t h a t  our darkening 

of  numerous s i l i c a t e s  r epor t ed  i n  Quarter ly  Reports 5-12 and a publ ica-  

t i o n ( 6 )  d id  n o t  p a r t i a l l y  involve carbon. It is  now c l e a r  t h a t  we bom- 

barded those samples n o t  only with ene rge t i c  hydrogen ions b u t  a l s o  with 

a small, b u t  uncon t ro l l ed  f l u x  of carbon-carrying ions.  Therefore car- 

bon was i n j e c t e d  i n t o  t h e  bulk of these samples and t h a t  carbon could 

n o t  become v o l a t i l e  u n t i l  s p u t t e r i n g  of t h e  su r face  exposed it again.  

We are no t  prepared t o  s ta te  a t  t h i s  time how important a role carbon 

i n j e c t i o n  might have played i n  our  r e s u l t s .  

f l u x e s  of hydrogen and carbon ions are forthcoming. The p o i n t  of  t h e  

nex t  s e c t i o n  is  t h a t  carbon i n j e c t i o n  i s  probably a l s o  important a t  

t h e  l u n a r  surface.  

been f a i r l y  real is t ic  i n  s p i t e  of the carbon i n j e c t i o n ,  though c e r t a i n l y  

a d d i t i o n a l  experiments a r e  imperative t o  c l a r i f y  t h e  r o l e  of carbon i n  

o p t i c a l  p r o p e r t i e s  of  s i l icates .  

Experiments with known 

Therefore our previous work may t u r n  out  t o  have 
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V. CARBON AND OTKER HEAVY ELEMENTS I N  THE SOLAR WIND 

Simple hydrodynamic and evaporative models of t h e  s o l a r  wind p r e d i c t  

a s i g n i f i c a n t  decrease f o r  t h e  abundance of  heavy elements i n  t h e  s o l a r  

wind i f  t h e  coronal  abundances are taken t o  be the photospheric abund- 

ances. 

was r e c e n t l y  emphasized by Lemaire. (7) 

n a l  abundances(8) i n d i c a t e d  enhancements of heavy elements i n  t h e  corona. 

Therefore Brandt(g) coupled t h i s  observation with h i s  r e a l i z a t i o n  t h a t  

t h e  e n t i r e  corona has t o  be replenished i n  a time equal  t o  some weeks 

and suggested t h a t  t he  abundances i n  t h e  s o l a r  wind by flux should equal  

t h e  photospheric abundances. Checking t h i s  suggest ion is by no means 

experimental ly  easy s i n c e  the  charge-to-mass r a t i o  f o r  t h e  important 

The c l o s e  r e l a t i o n s h i p  of these d i f f e r e n t l y  formulated models 

But r ecen t  measurements of coro- 

elements C, N, 0, and N e  w i l l  equa l  t h a t  for He+’. And Brandt (9 1 
warns t h a t  helium might not  be s i g n i f i c a n t l y  enhanced i n  abundance 

i n  t h e  corona because i t s  abundance inf luences t h e  temperature r equ i r ed  

f o r  t h e  support  of t h e  corona. Cosmogonical cons ide ra t ions  and a s t r o -  

p h y s i c a l  observat ions on h o t  stars have l ed  t o  suggestions f o r  He/H 

r a t i o s  i n  t h e  sun from 0.1 t o  0.2. B i s w a s  e t  al. 

s o l a r  photospheric r a t i o  of He/H of 0.095 - 0.035 from a combination 

of spec t roscop ic  and solar-cosmic-ray observat ions.  

o f  Mariner 2 data t h a t  s e l e c t e d  low solar-wind v e l o c i t y  condi t ions,  

Neugebauer and Snyder They 

warned t h a t  t h i s  low value could conceivably be b i a sed  by t h e  choice 

of  l o w  solar-wind v e l o c i t i e s  and t h a t  poss ib ly  g r e a t e r  amounts of  helium 

determined a (10) 

+ 

From an a n a l y s i s  

found a He/H r a t i o  of 0.046 2 0.038. 
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were c a r r i e d  i n  h igh -ve loc i ty  plasma streams. The l a t t e r  are d i f f i c u l t  

t o  i n t e r p r e t  unambiguously i n  t h e i r  e l e c t r o s t a t i c  analyzer ,  which res- 

ponds t o  mv /ze for a p a r t i c l e ,  namely, k i n e t i c  energy p e r  elementary 

charge. 

2 

C e r t a i n l y  photospheric abundances by f l u x  i n  t h e  s o l a r  wind are 

an upper l i m i t  and circumstances no t  now understood may well reduce 

f l u x e s  of heavy elements a f t e r  a l l .  Nevertheless,  t he  observat ion of  

excess abundances i n  t h e  corona encourages t h e  cons ide ra t ion  of heavy 

element f l u x e s  a t  photospheric abundances. 

(12)  I n  Table I1 are given photospheric abundances as given by A l l e r .  

Most of  t h e s e  values  are u n c e r t a i n  by about 0.1 i n  t h e  logarithm; helium 

and s u l f u r  are unce r t a in  by a t  l e a s t  0.5 i n  t h e  logarithm. Urey 

has  argued f o r  a lower abundance of S i  i n  t h e  sun on t h e  basis of com- 

p a r i s o n  t o  meteori te  abundances and t o  avoid having t o  account f o r  an 

extremely low Fe/Si r a t i o  i n  t h e  sun i n  comparison t o  p l a n e t a r y  and 

m e t e o r i t i c  bodies.  

(13) 

A s  a f i r s t  check on t h e  implicat ions of  photospheric abundances 

by  f l u x  i n  t h e  s o l a r  wind, l e t  us  estimate the  s p u t t e r i n g  rates due 

t o  heavy elements i n  comparison t o  hydrogen and helium. We s h a l l  as- 

sume undeviated flow of t h e  s o l a r  wind t o  t h e  l u n a r  su r face  f o r  He , 
C+6, e t c .  

c i t y  a t  1 A.U. because of  t h e  i n t e r p l a n e t a r y  magnetic f i e l d .  Thus 

Hef2  has  a value of mv/ze t h a t  is twice as g r e a t  as H . 
of c a l c u l a t i n g  t h e  dev ia t ed  flow problem f o r  t h e  moon has been stated by 

Michel 

+2 

We assume, as usual, t h a t  a l l  ions have the  same mean velo- 

+ 
The d i f f i c u l t y  

+ 
It seems probable t h a t  some H is dev ia t ed  (1.5) and Ness. (14) 
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Table 11. 

Element 

H 

He 

C 

N 

0 

N e  

Mg 

A1 

S i  

S i  

S 

Ar 

Ca 

Fe 

Photospheric abundances as given by Aller  (12)  and s p u t t e r i n g  
rates for a hypo the t i ca l  element having M2 = 30 atomic u n i t s  
s u b j e c t  t o  bombardment by a n  undeviated s o l a r  wind having 
photospheric abundance by flux and ions of a s i n g l e  mean speed. 

l o g  N 

12.00 

11.21 

8.60 

8.05 

8.95 

8.70 

7.40 

6.22 

7.50 

7.24" 

7.35 

6.88 

6.19 

6.57 

F = N 

8 1 x 10 

1.62 107 

4 

4 
3.98 x 10 

1 . 1 2  x 10 

4 8.9 x io 

5.02 x i o  

2.51 103 

3.16 103 

1.74 103 

2.24 103 

4 

1.66 x lo2  

7.6 x LO2 

1.55 x lo2 

3.72 x lo2 

Y(M1LM2 = 30 

0.01 

0.1 

0.59 

0.73 

0.87 

1.09 

1.45 

1.62 

1.69 

1.69 

1.93 

2.11 

2.36 

3.06 

FY 

6 1.0 x 10 

6 1.6 x 10 

4 2.4 x 10 

0.82 x 10 

4 7.7 x 10 

4 5.5 x 10 

3.6 x 103 

2.7 x i o  

5.3 x 103 

4.3 103 

1.6 103 

3.6 x io 

1.1 x 103 

- 

4 

2 

2.9 x 103 

2 

(13) a 
Revised photospheric abundance for S i  proposed by Urey. 

-28- 



most of t h e  time, e s p e c i a l l y  i n  view of t h e  poss ib l e  de t ec t ion  of a 

l u n a r  magnetohydrodynamic wake by Explorer 18. (15) But the  f r a c t i o n  

of He and heavier  ions t h a t  i s  devia ted  i s  doubt less  s i g n i f i c a n t l y  

smal le r  than  f o r  H' because of  d i f f e rences  i n  cyc lo t ron  rad ius .  

+2 

As  

helium c o n t r i b u t e s  most of t h e  spu t t e r ing ,  a comparison o f  s p u t t e r i n g  

by helium ions and by heav ie r  ions should be f r e e  from ob jec t ions  about 

devia ted  ions. 

I n  s p u t t e r i n g  y i e l d  determinat ions f o r  l i g h t  ions normally i n c i -  

dent  on numerous metals a t  3-10 keV, (16) w e  have found t h a t  t he  depend- 

ence on ion  mass and energy approximately confirms a s p u t t e r i n g  theory  

due t o  R o l .  (l7-l9) In t h a t  theory  t h e  s p u t t e r i n g  y i e l d  

where E is  t h e  ion energy 

M1,MZ a r e  t h e  ion  and t a r g e t  atom masses, r e s p e c t i v e l y  

K i s  a cons tan t  depending only on t a r g e t  parameters 

i s  a mean f r e e  path f o r  ene rge t i c  e l a s t i c  c o l l i s i o n s .  

I n  the  energy range of i n t e r e s t  here, A depends upon ion parameters p r i n -  
z c i p a l l y  through a f a c t o r  M1v / z l J  which is  cons t an t  according t o  t h e  above 

assumptions f o r  He+2 and heav ie r  ions of t he  s o l a r  wind. The ion energy 

E i s  p ropor t iona l  t o  M1. 

t a r g e t  atom mass of, say, M2 = 30. 

As a first approximation we may a s s ign  an average 

The s p u t t e r i n g  y i e l d s  for t h e  var ious  

ions  should  vary  as M 2 /(Ml + M 2 )  2 . The s p u t t e r i n g  y i e lds  given i n  Table I1 
1 
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for H and He are appropr i a t e  f o r  s p u t t e r i n g  from S i  o r  Fe while t h e  

remaining s p u t t e r i n g  y i e l d s  are c a l c u l a t e d  as ou t l ined .  The c a l c u l a t e d  

y i e l d s  for N e  and Ar are i n  good agreement with values measured f o r  Fe 

by Almen and Bruce. (20) 

In u n i t s  o f  f l u x  i n  which we have 1 x 10 8 H/cm2 s e c  i n  t h e  s o l a r  

wind, which is  a r e p r e s e n t a t i v e  value, t h e  s o l a r  wind should con ta in  

t h e  f l u x e s  s t a t e d  i n  Table I1 according t o  Aller’s  abundances and 

Brandt’s  hypothesis.  Note e s p e c i a l l y  t h e  C,  N, 0, Ne f l u e s  i n  t h e  

lo4 cm” s e c  range. The s p u t t e r i n g  due t o  each s o l a r  wind ion is 

t h e  product of  t h e  f l u x  and t h e  s p u t t e r i n g  y i e l d .  

t o  a l l  ions heav ie r  t han  helium is  0.18 x 10 

an o r d e r  of magnitude less than t h a t  due t o  helium, Even if  t h e  helium 

abundance i n  Table I1 should b e  946 i n s t ead  o f  1646, t h e  heavy ions in -  

c r e a s e  t h e  s p u t t e r i n g  by only 2046 over t h a t  due t o  helium. 

some of  t h e  hydrogen may be deviated o r  slowed be fo re  s t r i k i n g  t h e  

moon, t h e  c o n t r i b u t i o n  of  hydrogen t o  phys i ca l  s p u t t e r i n g  should be  

viewed as a n  upper l i m i t  i n  t hese  flux u n i t s .  Note t h a t  most of t h e  

heavy ion s p u t t e r i n g  would be caused by 0 and N e  ions of  about 20 keV 

energy (450 km/sec wind). 

heavy ions i n  t h e  s o l a r  wind w i l l  not s i g n i f i c a n t l y  increase e r o s i o n  

rates over  those  due t o  t h e  far more abundant hydrogen and helium 

ions.  

-1 

The s p u t t e r i n g  due 

6 2 atom/cm sec, which is  

Because 

We conclude t h a t  t h e  upper l i m i t  f l u x  of  

Perhaps skept ic ism w i l l  g r e e t  the proposal  of fluxes of 20 keV 

0 and Ne i n  t h e  photospheric r a t i o s  s i n c e  they  are emitted from a 

200 e V  plasma. But perhaps carbon f luxes of  t h e  photospheric 
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magnitude a r e  more reasonable.  I n  pa r t i cu la r ,  a carbon f l u x  amounting 

t o  a s i z a b l e  f r a c t i o n  of 0.04$ of the hydrogen f l u x  i n  t h e  s o l a r  wind 

implies  i n t e r e s t i n g  new p o s s i b i l i t i e s  t o  understand the o p t i c a l  pro- 

p e r t i e s  of t he  moon. 

The range of 10 keV carbon ions i n  quartz  is of t h e  o rde r  of 

cm. This follows from t h e  f a c t  t h a t  a p r i n c i p a l  s topping mech- 

anism f o r  such slow ions is e l a s t i c  s c a t t e r i n g  through l a r g e  angles 

f o r  which the  mean f r e e  path is about 5 x cm, using a screened 

coulomb f i e l d  f o r  t h e  i n t e r a c t i o n  (see, e.g., ref. 20). 

L e t  us  consider  how many carbon ions w i l l  accumulate i n  a sur face  

l a y e r  i n  quar tz  s u b j e c t  t o  solar-wind s p u t t e r i n g .  It should be c l e a r  

from t h e  previous s e c t i o n  t h a t  carbon i n  t h e  outermost monolayer o r  so 

w i l l  be r a p i d l y  converted t o  a v o l a t i l e  form of carbon whose f a t e  

should be escape from t h e  l u n a r  atmosphere i n  a pe r iod  whose length 

i s  l e s s  than a few years ,  even consider ing t h a t  a f r a c t i o n  
(14,21,22 ) 

of  the  carbon-carrying molecules w i l l  be d i s s o c i a t e d  and r e a c t  again 

wi th  t h e  surface before  being s c a t t e r e d  out of t he  l u n a r  atmosphere 

or c a r r i e d  from it by t h e  magaetic f i e l d  i n  the  s o l a r  wind. There- 

f o r e  carbon w i l l  not  accumulate as an e x t e r i o r  layer .  There is no 

reason  t o  expect carbon t o  d i f f u s e  s i g n i f i c a n t  d i s tances  i n  s i l i c a t e  

l a t t i c e s  a t  l u n a r  temperatures. Therefore carbon, once implanted a t  

1000 A depths i n  a l u n a r  surface p a r t i c l e ,  w i l l  no t  be l o s t  without 
0 

e rod ing  away the  s i l i c a t e  sur face  t o  where the carbon atom is located.  

A t  a removal rate of 2 x 10 6 atom/cm2 sec  (Table II), cm of SiOz 
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4 4 is  removed i n  about 1.3 x 10 yr .  I n  exposure times much l e s s  than  10 

yr ,  carbon concent ra t ions  w i l l  b u i l d  up i n  an  o u t e r  cm l aye r .  A f -  

t e r  exposure t imes much longer  than 10 

t h e  order  of 4y x 10 /2 x 10 

is  the  f r a c t i o n  of t h e  photospheric abundance f o r  carbon t h a t  is a c t u a l l y  

p re sen t  on t h e  average i n  the  s o l a r  wind. 

t r a t i o n s  of  carbon would have important o p t i c a l  e f f e c t s  on s i l i c a t e s ,  

even i f  y = 0.1. 

la te  solar-wind e f f e c t s  f o r  dura t ions  of  t h e  order  of 10 

4 y r ,  carbon concent ra t ions  of 
4 6 

= 2y atomic $ w i l l  be  achieved, where y 

Cer t a in ly  such l a r g e  concen- 

Whether l u n a r  sur face  p a r t i c l e s  a c t u a l l y  w i l l  accumu- 

4 y r  depends 

upon t h e  e ros ion  condi t ions  a t  t h e  luna r  sur face .  

Smaller  concent ra t ions  of t h e  heavier  elements l i s t e d  i n  Table I1 

should a l s o  be embedded i n  t h e  same lo-’ cm ou te r  l a y e r  of l una r  su r -  

face  p a r t i c l e s .  Most of t h e  elements w i l l  not have important o p t i c a l  

e f f e c t s  as they are approximately i n  t h e  propor t ion  t o  be expected i n  

l u n a r  sur face  ma te r i a l s  o r  e l s e  may reasonably be expected t o  cause 

l i t t l e  o p t i c a l  e f f e c t  i f  incorporated i n t o  s i l i c a t e s .  S u l f u r  i s  pro- 

bably  analogous t o  carbon i n  most respec ts ,  bu t  should be l e s s  abundant 

by a t  l e a s t  a f a c t o r  of  20. 

be p a r t i a l l y  l o s t  by d i f fus ion .  

The noble gases N e  and A r  w i l l  probably 
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